Experimental evidence suggested the existence of unidentified leprosy susceptibility loci in the human leukocyte antigen (HLA) complex. To identify such genetic risk factors, a high-density association scan of a 1.9-mega-base (Mb) region in the HLA complex was performed. Among 682 single-nucleotide polymorphisms (SNPs), 59 were associated with leprosy (P ,.01) in 198 Vietnamese single-case leprosy families. Genotyping of these SNPs in an independent sample of 292 Vietnamese single-case leprosy families replicated the association of 12 SNPs (P ,.01). Multivariate analysis of these 12 SNPs showed that the association information could be captured by 2 intergenic HLA class I region SNPs (P 5 9.4 3 10 29
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29
)-rs2394885 and rs2922997 (marginal multivariate P 5 2.1 3 10 27 and P 5 .0016, respectively). SNP rs2394885 tagged the HLA-C*15:05 allele in the Vietnamese population. The identical associations were validated in a third sample of 364 patients with leprosy and 371 control subjects from North India. These results implicated class I alleles in leprosy pathogenesis.
Leprosy is an infectious disease of the skin and peripheral nerves that is caused by Mycobacterium leprae. Both the development of the disease and its subforms (ie, paucibacillary or multibacillary) are dependent on genetic factors, as demonstrated by the concordance rates among monozygotic twins [1] and segregation studies [2, 3] . Several candidate genes (IL10, VDR, SLC11A1) have been associated with leprosy and/or its subforms [4, 5] , and recently, positional cloning has identified 2 risk loci (ie, PARK2/PACRG [6] and LTA [7] ). Therefore, forward genetic dissection of the human-M. leprae interaction is a powerful strategy to further the understanding of this ancient affliction [8] .
Numerous studies have implicated genetic variation in human leukocyte antigen (HLA) genes with altered risk of leprosy (reviewed in [9, 10] ). Two linkage studies have linked chromosome region 6p21 (HLA complex) to leprosy susceptibility, including our own genomewide scan in 86 Vietnamese multi-case leprosy families (multipoint lod-score 5 2.62) [11, 12] . An association scan of a 10.4-Mb region underlying the linkage-peak at 39.48-Mb (build 37.1) indentified a functional SNP in the HLA class III gene lymphotoxin-a (LTA) as a risk factor for early-onset leprosy in the Vietnamese and North Indian populations [7] . However, we showed that this association was independent of HLA-DRB1, an established susceptibility gene [13] [14] [15] [16] [17] , and at least 3 other potential leprosy-associated SNPs, suggesting that the HLA complex harbors multiple unidentified risk loci. Therefore, we set to identify additional genetic risk factors for leprosy in this chromosome region.
A high-resolution association scan in 198 single-case leprosy families from Vietnam, followed by step-wise replication, in an independent family-based sample from Vietnam and a population-based sample from North India identified 8 intergenic HLA class I region SNPs-tagged by rs2394885 and rs2922997 -as novel leprosy risk factors.
METHODS

Ethics Statement
The study was approved by review boards and health authorities in Ho Chi Minh City, Vietnam; the All India Institute of Medical Sciences, New Delhi, India; and the McGill University Health Centre, Montreal, Canada. Written informed consent was obtained from all participants.
Samples
We enrolled a total of 2205 individuals in this study. The 198 single-case Vietnamese leprosy families (Vietnam-1; 52% multibacillary) and the additional 292 single-case Vietnamese leprosy families (Vietnam-2; 54% multibacillary) were identified from records available at the Dermato-Venereology Hospital in Ho Chi Minh City, Vietnam. The criterion for enrollment was the availability of both parents for genetic analysis. The 364 patients with leprosy (70% multibacillary) were identified from records available at the Central JALMA Institute of Leprosy and Other Infectious Diseases in Agra, India. The 371 healthy control subjects (ie, no reported infectious/inflammatory disease) from North India were identified from blood donor clinics.
The diagnosis and classification of subtype were based on clinical and histological criteria [18] . However, the phenotype studied here was leprosy per se (ie, independent of specific clinical manifestations).
Previously, Vietnam-1 was used in the study of PARK2 [6] , LTA [7] , and MRC1 [19] . Vietnam-2 was a replication sample for the investigation of 3 nonsynonymous SNPs in MRC1 [19] .
Genotyping Methods
The 854 SNPs spanning the 1.9-Mb targeted interval on chromosome 6 (6p21.33-p21.32) were selected on the basis of their proximity to or location in known genes in the interval and tag-SNP information publicly available from the International HapMap project database (www.hapmap.org/). Included in our panel were 130 previously determined tag-SNPs for classical HLA class I and class II gene alleles in the Han Chinese in Beijing, China (CHB) population [20] . These SNPs were genotyped on one of the following platforms: (1) direct sequencing on an ABI PRISM 3100 genetic analyzer; (2) polarized fluorescence TaqMan Assay [21] ; (3) the high-throughput GenomeLab SNPstream platform (formerly Orchid SNPstream UHT), which uses a single-base pair extension (SBE) method to incorporate fluorescently labeled terminal nucleotides, which are then detected by a specialized imager [22] ; (4) the high-throughput SEQUENOM MassARRAY platform, which uses the iPLEX assay to incorporate mass-modified terminal nucleotides in the SBE step, which are then detected by MALDI-TOF MS [23] ; and (5) the ultra-high throughput Illumina platform. This platform uses the GoldenGate assay, followed by a bead-based technology, to resolve individual SNP genotypes [24] .
After genotyping, we excluded 172 SNPs from the analysis for the following reasons: 39 could not be genotyped, 3 could not be placed unambiguously on the sequence map, 19 showed deviations (P , .01) from Hardy-Weinberg equilibrium (HWE), 103 were noninformative or had a minor allele frequency (MAF) , 5%, 3 had . 10 Mendelian errors, and 5 were identified as ''problem SNPs'' (Table A1 ; online only).
All 52 SNPs genotyped in the Vietnam-2 sample were genotyped on the high-throughput SEQUENOM MassARRAY platform [23] (Table A2 ; online only). All 12 SNPs genotyped in the Indian sample were genotyped on one of the following platforms: (1) direct sequencing on an ABI PRISM 3100 genetic analyzer, (2) the high-throughput GenomeLab SNPstream platform (formerly Orchid SNPstream UHT) [22] , or (3) the highthroughput SEQUENOM MassARRAY platform [23] .
The HLA DRB1 gene was genotyped in the Vietnam-1 sample and the 371 control subjects from North India with use of standard methods [25] . HLA-C genotyping was performed using high-resolution (4-digit) sequence-based typing protocols recommended by the 13th International Histocompatibility Workshop [26] .
Statistical Methods
We estimated population allelic frequencies and pairwise LD (r 2 ) between SNPs from parental or control data using the algorithm implemented in Haploview 4.1 [27] . Bins of SNPs were constructed on the basis of the pairwise r 2 and were defined as a not necessarily contiguous set of SNPs in which at least one SNP has r 2 . 0.50 with all the other SNPs of the bin [28] . For the 1.9-Mb targeted interval (HCG27 / COL11A2), we uploaded all SNP genotype data for the CHB population from HapMap Data Rel 24 into Haploview 4.1. We reset the pairwise comparison threshold to 2 Mb, and using the Tagger function, we force included our 682 successfully genotyped SNPs and calculated the tagging efficiency by dividing the number of captured bins by the total number of bins (including single-SNP bins) with use of an r 2 cutoff of 0.50.
Family-based association studies were performed in the Vietnam-1 and -2 samples with use of a classical transmission disequilibrium test, as implemented in FBAT, version 2.0.3 [29] . Alleles for which there was evidence of association were also analyzed by conditional logistic regression, as described elsewhere [30] . This approach permitted providing odds ratio (OR) estimates and made it possible to perform multivariate stepwise regression tests.
We performed a population-based association study in the North Indian sample, using classical multivariate logistic regression techniques as implemented in the LOGISTIC procedure of SAS, version 9.1 (SAS Institute). All population-based analyses were adjusted for sex, a classical risk factor for leprosy.
RESULTS
High-density SNP Association Scan of 6p21 in 198 Families with Leprosy from Vietnam
On the basis of our own results that provided evidence for the presence of additional leprosy susceptibility genes in the HLA class III region [7] and from numerous published studies implicating the HLA class II genes but not the class I genes [4, [13] [14] [15] [16] [17] , we focused our study on the HLA class II and III regions. However, because a small portion of the class I region fell within the 95% confidence interval (CI) of the linkage-peak from our previous genome-wide linkage study [11] , we also selected the corresponding chromosomal segment (HCG27 / MICB) for high SNP coverage. Overall, an interval extending from 31.2 Mb to 33.1 Mb (build 37.1) on chromosome 6 (6p21.33-p21.32) was selected for a high-density association scan in 198 single-case leprosy families from Ho Chi Minh City, Vietnam (Vietnam-1). This 1.9-Mb interval includes 13 genes at the centromeric end of the HLA class I region (HCG27 / MICB), the 76 genes in the HLA class III region (PPIAP9 / NOTCH4), and the 34 genes in the HLA class II region (C6orf10 / HLA-DPA3). Complementing the target interval, 130 previously determined tagSNPs for classical HLA class I and class II gene alleles in the CHB population were included [20] . Although some HLA allele tagSNPs lie telomeric to the main targeted interval (Figure 1 ), these SNPs further increased the overall coverage of the HLA complex. In total, 854 SNPs were selected (Table A1 ; online only).
After excluding 172 SNPs (see Methods; Table A1 ; online only), the tagging efficiency (ie, proportion of tagged bins [28] ; see Methods) of the entire 1.9-Mb interval using an r 2 cutoff of 0.50 was 0.80 in the CHB population (HapMap Data Rel 24). By univariate analysis, 64 of the 682 suitable SNPs were significantly associated with leprosy at the 0.01 level (Figure 1 ). Expectedly, rs2239704 (LTA180), the previously reported LTA promoter risk variant [7] , was among the 64 SNPs with a P , .01. We included LTA180 to identify and exclude highly correlated SNPs from subsequent replications. Indeed, 4 SNPs were in strong linkage disequilibrium (LD; r 2 > 0.80) with LTA180. As such, only the 59 non-LTA180 correlated SNPs were targeted for replication (Table A2 ; online only).
Of note, when we performed age-stratified analysis of the rs2394885 bin SNPs, we observed that the overall risk effect was exclusively because of individuals aged .15 years at the time of diagnosis (109 families; rs2394885; P. 15 5 .006 and P< 15 5 .371). Of interest, we previously showed that the effect of the LTA180 A-allele on leprosy susceptibility was mainly a result of individuals aged <15 years at the time of diagnosis (89 families) [7] . Three different genetic models were tested for each SNP (i.e., additive and fully dominant/recessive) and the P-values for the best model are reported here (P min ). The HLA-A, -B and -C genes are indicated at the top of the graph. SNPs rs2394885 and rs2922997 are squared and circled, respectively, to indicate their chromosomal locations and to highlight the modest association of these SNPs in the discovery sample.
and MICA), and 1 SNP was located in the adjacent HLA class III region (between PPIAP9 and RPL15P4).
When we combined the Vietnam-1 and Vietnam-2 samples (490 single-case leprosy families), the evidence for association for each of the 12 replicated SNPs was very strong (Table 1) . However, because not all redundant SNPs were excluded, extensive LD among the 12 SNPs in the combined parental dataset (ie, 980 unrelated Vietnamese individuals) was still observed (Table A3 ; online only). Specifically, the 12 SNPs could be assigned to 5 bins with use of an r 2 cutoff of 0.50 (Table 1) .
Consequently, stepwise multivariate conditional logistic regression analysis of the 12 SNPs in the combined sample showed that the association information could be captured by a model (P 5 9.4 3 10
29
) that included 2 HLA class I intergenic SNPs-rs2394885 and rs2922997-each with an additive genetic effect and marginal multivariate P of 2.1 3 10 27 (OR for CC vs CG 5 CG vs GG 5 2.32; 95% CI, 1.62-3.33) and 0.0016 (OR for CC vs CT 5 CT vs TT 5 1.42; 95% CI, 1.14-1.76), respectively ( Table 2 ). Multivariate analysis generated additional models representing different combinations of 2 SNPs from the 2 associated bins that were statistically indistinguishable from the one presented here. We choose to present the aforementioned 2-SNP model because rs2394885 is a reported tag-SNP for HLA-C*0401 in the CHB population [20] . To confirm that SNP rs2394885 was similarly a tag-SNP for HLA-C in the Vietnamese population, we tested for LD between rs2394885 and HLA-C in 200 unrelated Vietnamese individuals and detected a correlation between rs2394885 and HLA-C*15:05 (r 2 5 0.69). Therefore, the HLA-C*15:05 allele is a strong candidate for the functional variant explaining the association of rs2394885-tagged bin.
Replication of HLA Class I SNPs Associated in the Genome-Wide Association Study of Leprosy
Recently, the first genome-wide association study (GWAS) of leprosy in the Chinese population was published [31, 32] . Two association signals in the HLA complex-in the class I and II regions-were observed. In the class I region, the 5 most strongly associated SNPs in the primary scan (P , .00001) were rs7759127, rs2524070, rs2853930, rs2524132, and rs9264868, but they could not be replicated in the subsequently tested samples. We tested the association of these 5 SNPs in our Vietnam-1 sample (198 single-case families). Among these SNPs, 4 (rs7759127, rs2524070, rs2524132, and rs9264868) were associated with leprosy (P < .05), and 1 SNP (rs2853930) had a P of .08. LD analysis in the Vietnam-1 parental dataset (ie, 396 unrelated Vietnamese individuals) revealed that all 5 SNPs were in strong LD and belonged to a single bin (r 2 cutoff 5 0.5). Of interest, we noticed that the 5 GWAS SNPs were associated with HLA-C gene expression (cis-effect) in the CEU-CHB-JPT populations [33] . For multivariate analysis, we included a single SNP (ie, tag-SNP) from each of the 3 aforementioned associated bins (Table 1 ) and a tag-SNP from the GWAS bin: rs2394885, rs2922997, rs2523454, and rs2524132 (GWAS bin). Owing to LD between rs2523454 and rs2524132 (r 2 5 0.25), rs2524132
captured the association information of rs2523454. This suggested that the evidence of association observed for the SNPs in c Boxed SNPs belong to the same bin set in the Vietnamese and North-Indian populations (r 2 cutoff 5 0.50) and unboxed SNPs do not belong to any bin set; note that rs9266722 and rs2523454 are not in the same bin in the North-Indian population.
d P-values for the best model are reported here.
e HWE P , .01 in control group.
f Not significant at the 0.01 level.
the rs2523454-tagged bin and the GWAS bin may be explained by a regulatory effect on HLA-C gene expression. Table 2) .
Risk Factors rs2394885 and rs2922997 are Independent from HLA-DRB1 and LTA
Given that HLA-DRB1 (HLA class II) and LTA (HLA class III) are known leprosy susceptibility genes in the Vietnamese [7, 17] and North Indian [7, 13] populations, we wanted to exclude the possibility that the observed association of leprosy with SNPs rs2394885 and rs2922997 could be attributable to long-range LD with LTA180 or HLA-DRB1 alleles. Multivariate analysis in the Vietnam-1 sample (198 single-case families) showed that there was no statistically significant impact on the risk effect of SNPs rs2394885 (univariate P 5 .006) and rs2922997 (univariate P 5 .009) when we included LTA180 and HLA-DRB1 alleles despite the loss of 22 families in the process (adjusted P 5 .008 and .04 for rs2394885 and rs2922997, respectively). Similarly, multivariate analysis in the North Indian sample showed that there was no noticeable impact on the risk effect of SNPs rs2394885 (univariate P 5 3.1 3 10
28
) and rs2922997 (univariate P 5 2.1 x 10
25
) when we included LTA180 in the multivariate analysis (adjusted P 5 6.9 3 10 28 and .0038 for rs2394885 and rs2922997, respectively), nor did we detect any r 2 . 0.10 between either SNP and HLA-DRB1 alleles in the control group. These results demonstrate the independent association of SNPs rs2394885 and rs2922997 from the known HLA leprosy susceptibility genes in these 2 populations. Any SNP in the bin is sufficient to explain the observed association of that bin with leprosy.
DISCUSSION
We report the discovery of HLA class I region SNPs as strong genetic risk factors for leprosy per se. This is in accordance with our previously reported genome-wide linkage study that found evidence of linkage between 6p21 region microsatellite markers and leprosy, irrespective of clinical subtype [11] . These findings are substantiated by the replication of association in 2 independent family-based samples from Vietnam and the subsequent validation in a population-based sample from North India. When comparing the combined Vietnamese sample against the North Indian sample, the strength of the genetic effects-under identical models-were very similar, and the risk alleles were consistent. The association of the reported HLA class I region risk factors between ethnically and geographically different patients groups emphasizes the importance of the underlying susceptibility gene(s) in leprosy pathogenesis.
To date, our stepwise approach to positional cloning has identified 3 replicated leprosy risk factors, in addition to HLA-DRB1 [17] , underlying the linkage-peak on chromosome region 6p21: LTA180 [7] , rs2394885, and rs2922997. Our experience depicts a complex situation with multiple HLA region alleles impacting on mycobacterial susceptibility. These results serve to improve our understanding of linkage-peak architecture in the context of a complex disease. Here, we show that, in analogy to what has been described for linkage QTLs in experimental models [34] [35] [36] , a cluster of multiple susceptibility loci can underlie the linkage-peak. The notion of ''one linkage-peak 5 multiple risk loci'' may prove to be a recurring observation in the genetic analysis of complex disease in humans. A recent genome-wide association study similarly revealed 3 independent loci in the HLA complex conferring risk of psoriasis [37] .
As stated above (Results), models representing different combinations of 2 SNPs from the 2 associated bins are statistically indistinguishable. Analogous to most genetic studies, SNPs rs2394885 and rs2922997 are risk factors that likely tag the causal variants, identification of which requires ultrafine LD mapping coupled with functional studies. However, the strong LD observed between rs2394885 and HLA-C*15:05 strongly implicates this class I allele in leprosy susceptibility. We also used the HapMap database (Data Rel 24) to screen a 1-Mb region around rs2394885 in the CHB population. Using an r 2 cutoff of 0.40 (MAF, . 5%), 27 SNPs were correlated with rs2394885 (Table A4 ; online only). A single SNP-rs2233952-is a nonsynonymous coding SNP (PSORS1C2 leu83pro) but has no apparent functional relevance [38] . These data further support HLA-C*15:05 as leprosy susceptibility allele. We similarly screened a 1-Mb region around rs2922997 in the CHB population. Using an r 2 cutoff of 0.40 (MAF, . 5%), 8 SNPs were correlated with rs2922997, none with any evidence of biological relevance (Table A4 ; online only).
We have replicated and validated all leprosy susceptibility variants identified from linkage studies, including the 4 HLA region variants above, in geographically and ethnically different populations. This ease of replication implies that genetic heterogeneity in leprosy susceptibility is limited. Low genetic heterogeneity is in striking parallel to the low degree of diversity among M. leprae strains [39, 40] and the high degree of adaptation of the leprosy bacillus to its human host. We propose that low pathogen variability combined with high host-pathogen adaptation results in strong host genetic effects on leprosy susceptibility that are acting across ethnic groups and geographic locations. If this conclusion is correct, one would predict that, in infectious diseases, genetic heterogeneity mainly reflects differences in the infectious strains of the pathogen. Of interest, Mycobacterium tuberculosis strain-dependent host genetic effects have been described [41] . Together, these data suggest that a careful characterization of pathogens isolated from patients may be an effective way to overcome genetic heterogeneity in common infectious diseases.
Our results strongly implicate the HLA-C gene in leprosy susceptibility and motivate the future systematic analysis of class I genes in leprosy susceptibility. HLA-C alleles and promoter variants have previously been associated with inflammatory and infectious diseases. HLA-C*04 (OR,.39) and HLA-C*05 (OR, 2.92) were under-and over-represented in 70 patients with rheumatoid arthritis [42] , respectively; HLA-Cw6 was identified as an early-onset risk factor for psoriasis [43] , and HLA-C*05 was found to be protective against multiple sclerosis (P 5 3.3 3 10 25 ) [44] . Likewise, the frequency of HLA-Cw4 was increased in patients with tuberculosis (28.9%), compared with control subjects (21.1%) [45] , and a high-producing HLA-C promoter variant-rs9264942-was associated with low viral cutoff after HIV infection (P 5 3.8 3 10 29 ) [46] and slower progression to AIDS [47] . As in the aforementioned studies, the association of HLA-C with leprosy susceptibility implicates natural killer (NK) cells-effectors of the innate response to viruses and intracellular pathogens-in the host response to M. leprae infection. This is supported by immunological assays that showed that M. leprae was able to induce NK cell-mediated cytotoxicity [48] . NK cell cytolytic activity and cytokine production is regulated by killer cell immunoglobulinlike receptors (KIRs) that bind MHC class I molecules, and HLA-C has emerged as a dominant ligand for KIRs [49] . Because of their pivotal role at the NK cell/HLA-C interface, and suggestive evidence of altered frequencies of KIR genes in patients with leprosy [50] , the next step in the genetic dissection of leprosy is to target the KIR genes and their epistatic interaction with HLA-C alleles-an emerging area of study with much potential to expand our understanding of both leprosy pathogenesis and intracellular infection.
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